Abstract-A 7-bit Nyquist folding and interpolating analog-to-digital converter (ADC) that converts at 300 MSamples/s is presented. Using current-mode signal processing techniques for analog preprocessing and a front-end sample-and-hold, the proposed 7-bit folding and interpolating ADC yields a wide input bandwidth up to 60 MHz with six effective number of bits. The ADC consumes 200 mW from a 3.3-V power supply. The chip occupies 1.2 mm 2 active area, fabricated in 0.35-m CMOS.
I. INTRODUCTION
H IGH-SPEED analog-to-digital converters (ADCs) are key elements in the read channel of optical and magnetic data storage systems. The required resolution is low (6-7 bits), while the sampling rate and effective resolution bandwidth requirements increase with each generation of storage system. For example, a 16 DVD system demands a 7-bit 432-MSamples/s ADC [1] . Such an ADC should exhibit low latency and good linearity.
Folding and interpolating (F&I) ADCs have been shown to be an effective means of digitizing high-bandwidth signals at low-to-medium resolution with high sample rate. Although CMOS technology is less suitable for this architecture because of lower transconductance and relatively modest device matching, F&I ADCs with sample rates as high as 400 MSamples/s (6 bit) have been reported [2] - [8] , but unfortunately some converters' bandwidths [3] - [6] are much smaller than Nyquist bandwidth.
In this brief, we analyze the bandwidth in F&I ADCs and propose solutions to obtain larger bandwidth. Section II describes the basic F&I ADC architecture and the nonidealities that limit its performance. Section III details the implementation of building blocks of the proposed F&I ADC, and Section IV presents the experimental results. Conclusions are presented in Section V.
II. FOLDING PRINCIPLE
The main motivation for an F&I ADC in comparison with a flash ADC was the dramatic reduction of the number of comparators required in the design. In a full-flash ADC architecture, (N = 2, F = 4, F = 4.) 2 comparators are required for an -bit converter. This is often the largest part of such a chip in power, device count, and area. The analog folding architecture allows each comparator to detect more than one zero-crossing points; the number of zero crossings is referred to as the folding factor, and it reduces the number of comparators by nearly the same factor. A simple block diagram of a 5-bit folding ADC and its folding waveforms is depicted in Fig. 1 . In this case, each comparator can detect four zero-crossing points. A 2-bit coarse quantizer is required to determine two MSBs since the folding transfer characteristics are periodic. In this example, the 5-bit F&I ADC uses 12 comparators whereas a full-flash 5-bit ADC would require 31 comparators.
Interpolation is often employed to generate extra folding waveforms. A folding ADC utilizing interpolation is usually called an F&I ADC. The 5-bit F&I ADC shown in Fig. 1 
A. Frequency Multiplication Effect
The frequency multiplication effect is inherent to folding ADCs due to the "folding" transfer characteristic of folders. As shown in Fig. 2, a 4 folder converts a 1-MHz full-swing continuous-time sinusoid input to a higher frequency signal. Thus, the folder and interpolator must have much higher bandwidths or the ADC performance will suffer. The frequency multiplication effect is proportional to the folding factor and also depends on input signal amplitude.
We use a front-end sample-and-hold (S/H) block to alleviate this problem. For a discrete-time system with sample rate , the signal frequency cannot exceed Nyquist frequency ( ). Behavioral models are constructed to analyze the impact of frequency multiplication on 7-bit 300-MSamples/s F&I ADCs with/without front-end S/H. We fix the folder's bandwidth at 300 MHz and sweep the input frequency from dc to Nyquist rate. The behavioral simulation results of four cases, with and without S/H, are compared in Fig. 3 . The 3-dB bandwidths of F&I ADCs with 4 and 8 folders without S/H are 42 and 27 MHz, respectively. As shown in the two upper traces in Fig. 3 , the F&I ADCs with S/H maintain much better performances even at Nyquist rate.
B. Voltage-Mode and Current-Mode Interpolation
Ideally, an interpolator should generate equidistant zero crossing points. Resistor interpolators are used in most conventional F&I ADCs. In a resistor-based voltage-mode interpolating system, the interpolation accuracy is limited by resistor mismatch. Care should be taken to ensure that the RC constant formed by these resistors and the input capacitances of comparators and parasitic capacitance does not limit the system sample rate. To drive the low impedance interpolating resistor ladder, wide-band low output impedance buffers must be used between folders and interpolators. In many designs [5] , source followers are used to implement the buffer, which has very limited voltage swing with low power supply voltages, however, a large voltage swing is essential to yield an acceptable signal-to-noise ratio (SNR).
Current-mode interpolators [2] , [9] , in which signals are represented by current swings, are more suitable for low-voltage design. Strictly speaking, the current-mode interpolator in [2] should be called "transconductance-mode" interpolation, because the input signal of the interpolator is a voltage signal. Thus, it still has a voltage swing problem at the output of the voltage-mode folder.
We propose a different approach to implement true current-mode analog preprocessing which combines an operational transconductance amplifier (OTA)-based folder with a current-mirror-based interpolator to alleviate voltage swing difficulties. As shown in Fig. 4 , the signal processing of folding and interpolation are both carried out in current mode. A system block diagram of our proposed architecture is illustrated in Fig. 5 . Here, four folders are used in our system to reduce the interpolation error caused by nonlinear "pseudosinusoid" folder transfer characteristics. The aforementioned S/H block precedes the F&I ADC to alleviate the frequency multiplication effect and boost the dynamic performance. Current-mode signal processing is used in the fine quantizer path to reduce voltage swings and achieve high speed.
III. CIRCUIT DESCRIPTION
In this section, we describe the ADC architecture and introduce its building blocks. The actual ADC is fully differential but, for the sake of brevity, most blocks are illustrated in singleended form. The block diagram of the proposed F&I ADC is shown in Fig. 5 . The analog input signal is sampled by the S/H unit, which feeds four OTA-based folders yielding four primary folding currents. Current-mirror-based interpolators generate 32 folding currents, from which 128 (7-bit) zero-crossing points are detected by 32 comparators. The 32-bit code produced by the comparators is called a cyclic thermometer code, which can be easily encoded into a 5-bit binary code. The five LSBs are combined with the two MSBs from the coarse quantizer to form the 7-bit output of the F&I ADC.
A. Time-Interleaved Sample-and-Hold
The requirement on the S/H in an F&I ADC is no different when compared with a flash ADC. The only exception is that the S/H used in an F&I ADC must settle faster, because the S/H must leave time for the analog preprocessing units to fully settle. For this reason, we chose the time-interleaved structure similar to the S/H in [11] . Each path of the time-interleaved structure has the same circuit structure as the one used in [12] . A potential problem with interleaving is the mismatch (timing, gain, offset) between the two channels. Any timing mismatch or gain mismatch results in an intermodulation between the input frequency and half the sampling frequency. Any offset mismatch results in a tone at half the sampling frequency (Nyquist tone). We assume the Nyquist tone can be suppressed by digital equalization circuitry following the F&I ADC [11] . Clock edge realignment circuitry is used to suppress timing mismatches in the two interleaving paths.
B. Folded Cascode OTA-Based Folder
Different implementations of producing folding signals have been proposed since F&I ADC was first introduced, but the most popular method involves the use of differential pairs [2] - [8] . In all above cases, the outputs of differential pairs are connected to the relatively high impedance loads, while in our design the loads are common-gate amplifiers with low input impedance, as shown in Fig. 4 . This is the difference between voltage-mode and current-(or transconductance-) mode circuits. Current-mode circuits are usually considered more suitable for low-supply-voltage design because signals are represented by current swings, and they usually have very wide bandwidth, but accuracy is not as high as that of closed-loop voltage-mode circuits.
Five differential pairs are used to construct a 4 folder. When the input voltage is swept from the lower to upper limit of the ADC input full scale, the differential pairs DP1, DP3, DP5 will generate positive slopes and differential pairs DP2 and DP4 will generate negative slopes. The combination of all five output currents produces a pseudosinusoidal folding transfer characteristic. A PMOS common-gate amplifier is used as a current buffer to reduce the loading effect at the current summation nodes. By adjusting the value of the five reference voltages connected to these five differential pairs, we can obtain different folding transfer characteristic curves with different phase, such as and as illustrated in Fig. 1(b) . Source degeneration is used to increase the linearity of the aforementioned differential pairs.
For a given input, all except one of the differential pairs are saturated. The one differential pair that is active produces the shape of the fold around the reference voltage connected to one of its inputs. The zero-crossing points are controlled by reference voltages, therefore, the offset of each differential pair affects the linearity of the ADC directly. Offsets of differential pairs can be predicted by Pelgrom's law [10] . Transistor sizes must be large enough to ensure that the offset voltage is much smaller than one LSB of the ADC.
In order to generate fully differential folding current signals, the voltage difference between two adjacent reference voltages in a folding block should satisfy (2) The above expression means that the linear regions of two adjacent differential pairs should not overlap each other.
C. Simple Current-Mode Interpolation Circuit
The current gain of a current mirror is controlled by the size ratio of the transistors. Therefore, we use a current-mode interpolator based on current mirrors. Current mirrors have wide bandwidth, thus, they are suitable building blocks for high-speed circuits. The accuracy of such an interpolator is limited by the mismatch of the transistors. The design parameter is the interpolation gain, which is determined by the size ratio between transistors MN2(MN4) and MN1(MN3) in Fig. 4 . From an accuracy point of view, the impact of the following current comparators' offsets can be ignored if the combination gain of the folder and the interpolator is high enough. However, note that current mirrors with high current gain have lower bandwidth.
D. High-Speed Current Comparator
Comparators are used to detect zero-crossing points of all the folding currents from the interpolators. Because simple current mirrors are used in the interpolation block, voltage swings must be kept small to minimize errors caused by short channel effects. The current comparator we propose comprises a very low input impedance current-to-voltage interface and a normal voltage comparator, which consists of a preamplifier and a clocked latch. Transistors MN5 and MN6 in Fig. 4 form a feedback loop to reduce the input impedance. The small-signal input impedance of this transimpedance amplifier is (3) In our design, the input impedance is small enough (about 50 ) to make the voltage swing at current-mirror outputs negligible. In comparison with the current comparators used in [6] and [9] , our comparator has lower input impedance.
E. Bit Synchronization
Bit synchronization circuitry must be used in F&I ADCs because coarse and fine bits are generated independently. The schematic of the coarse quantizer and bit synchronizer is presented in Fig. 6 . The coarse quantizer uses four voltage comparators to generate four cycle pointers -. Together with a bit-sync signal coming from the fine quantizer, these four cycle pointers are used to generate the MSB and MSB-1. Waveforms are shown on the right-hand side of Fig. 6 . In general, cycle pointers and are used for overflow and underflow detection. and are used to define the MSB. SET and RST are signals that indicate whether the input signal falls into the ADC input range. This information can be used to adjust the gain of the signal conditioning circuit preceding the ADC.
Note that the MSB and MSB-1 bits are not derived directly from the coarse quantizer; instead, they are determined by the bit-sync signal , which comes from the fine quantizer (Fig. 1) ; thus, the offsets of the coarse quantizer comparators are not critical. 
IV. EXPERIMENTAL RESULTS
The ADC was fabricated in a four-level metal double-poly 0.35-m CMOS process; only one poly layer was used, and the minimum gate length was 0.4 m, using standard MOS field-effect transistors. We use only the components available in a digital process technology. The active chip area of the F&I ADC is 1.2 mm . A photomicrograph of the chip is shown in Fig. 7 . Measured performance is summarized in Table I . At 300 MSamples/s, the ADC dissipates 200 mW from a 3.3-V power supply. A block diagram of the test setup is given in Fig. 8 . Two high-speed synthesizers running with a common reference were used to generate clock and input signals.
The measured differential nonlinearity (DNL) and integral nonlinearity (INL) are shown in Fig. 9 . INL and DNL were generated using a code density (histogram) test [13] with a low-frequency sinusoidal signal. The spurious-free dynamic range (SFDR) and signal-to-noise-plus-distortion ratio (SNDR) are measured by postprocessing the acquired data with a discrete Fourier transform (DFT). Fig. 10 shows the SFDR versus analog input frequency at 300-MSamples/s operation. The effective number of bits drops to six when the input signal frequency is around 60 MHz.
The measured bandwidth of the F&I ADC is lower than Nyquist, the bandwidth is limited by the time-interleaving S/H. Although simulations show that S/H distortions are below 57 dBc when it acquires full-swing 160-MHz sine wave at 300 MSamples/s, the actual performance heavily depends on the matching between the two time-interleaving paths, which also relies on the placement and layout of components. The performance degradation due to timing mismatch becomes more serious at higher input frequencies, thus this time-interleaving architecture is not a good candidate for very high-frequency S/H unless self-calibration is employed. Table II lists performances of some F&I ADCs appeared in the literature and this work, where the figure of merit is defined as FM Power MHz/mW , where input resolution bandwidth is defined as the input signal frequency at which the effective number of bits drops by 0.5 bit below dc resolution. In comparison with reported results, the proposed ADC achieves a resolution bandwidth of 60 MHz. The proposed F&I ADC yields a wide input bandwidth with relatively low power consumption and only requires conventional digital CMOS process technology.
V. CONCLUSION
Due to their unique folding analog preprocessing, F&I ADCs inherently have more serious bandwidth limitation problems than their full-flash counterparts. The positive impact of a front-end S/H on the frequency multiplication effect is substantial. Implemented in current mode, the folders and interpolators can reach higher bandwidth, and be compatible with lower power supply voltages. A very low input impedance current comparator is proposed to compare high-speed interpolated currents. A bit-synchronization scheme is proposed to not only correct errors caused by the delay difference between the coarse and fine quantizer paths, but also to detect the overflow and underflow. The result is a high-speed low-power F&I ADC with a wide input bandwidth.
